ABSTRACT: In the face of the sixth great extinction crisis, it is imperative to establish effective breeding protocols for amphibian conservation breeding programs. Captive efforts should not proceed by trial and error, nor should they jump prematurely to assisted reproduction techniques, which can be invasive, difficult, costly, and, at times, counterproductive. Instead, conservation practitioners should first look to nature for guidance, and replicate key conditions found in nature in the captive environment, according to the ecological and behavioral requirements of the species. We tested the effect of a natural hibernation regime on reproductive behaviors and body condition in the Endangered mountain yellow-legged frog Rana muscosa. Hibernation had a clear positive effect on reproductive behavior, manifesting in vocal advertisement signaling, female receptivity, amplexus, and oviposition. These behaviors are critical components of courtship that lead to successful reproduction. Our main finding was that captive R. muscosa require a hibernation period for successful reproduction, as only hibernated females produced eggs and only hibernated males successfully fertilized eggs. Although hibernation also resulted in a reduced body condition, the reduction appeared to be minimal with no associated mortality. The importance of hibernation for reproduction is not surprising, since it is a major component of the conditions that R. muscosa experiences in the wild. Other amphibian conservation breeding programs can also benefit from a scientific approach that tests the effect of natural ecological conditions on reproduction. This will ensure that captive colonies maximize their role in providing genetic reservoirs for assurance and reintroduction efforts.
INTRODUCTION
Amphibians throughout the world are in decline, with 41% of the world's 6638 known amphibian species threatened with extinction (Hoffmann et al. 2010) . Conservation breeding in captivity is an important tool used to protect endangered amphibians from the immediate threat of extinction and provide offspring for long-term recovery efforts (Griffiths & Pavajeau 2008) . Several amphibian species survive only in captive colonies (Gratwicke et al. 2012) , and the International Union for Conservation of Nature has called for the establishment of captive assurance colonies for Endangered amphi bians (Gascon et al. 2007) . Developing a successful conservation breeding program for endangered amphibians is often difficult because establishment of ex situ programs is delayed until in situ populations are approaching extinction, and breeding efforts are compromised by a dearth of knowledge about reproductive biology (Zippel et al. 2011) .
Captive management that looks to nature and species' ecological requirements for guidance can reduce time wasted on trial-and-error learning and can expedite establishment of successful reproduction (Hosey et al. 2009 ). While assisted reproduction techniques such as hormone injections are sometimes necessary, their use is in effect an admission that our understanding of behavioral and ecological requirements is lacking. Moreover, invasive attempts at artificial reproduction can sometimes run counter to conservation breeding goals because handling of sensitive species can negatively impact health and survival (Waggener & Carroll 1998 , Byrne & Silla 2010 , Roth et al. 2010 . Animal welfare and conservation goals sometimes conflict (Wall 2010) , but in conservation breeding and reintroduction programs, efforts to enhance individual animal welfare can also enhance conservation outcomes (Swaisgood 2007 (Swaisgood , 2010 .
The mountain yellow-legged frog Rana muscosa is an Endangered ranid with a disjunct distribution in the southern Sierra Nevada Mountains and the Transverse and Peninsular Ranges in southern California, USA. The southern California population of R. muscosa, which is protected as an endangered distinct population segment under the US Endangered Species Act of 1973 and the California Endangered Species Act, has declined across 99% of its historic range (Vredenburg et al. 2007 ). The population bottleneck experienced by the southern population may be contributing to loss of genetic diversity, indicating the immediate risk of inbreeding depression as an additional threat (Schoville et al. 2011) .
The goal of the present study was to use R. muscosa as a model in establishing a captive management paradigm that supports reproduction for the rapid growth of captive amphibian populations. The captive R. muscosa population at the San Diego Zoo Institute for Conservation Research (ICR) serves as an assurance population against extinction in wild populations which are small and extremely vulnerable. Captive reproduction is also important to arrest the loss of genetic diversity in the captive−wild metapopulation (Schoville et al. 2011) . In addition to the assurance function, this captive population is part of an active reintroduction program, supplying individuals to re-establish populations in suitable but unoccupied habitat.
One important component of many temperate amphibian species' life histories is a prolonged period of inactivity during cold weather associated with overwintering, which we refer to as hibernation (see review by Browne & Zippel 2007) . Hibernation can positively impact growth rates, maturation size, and survival (Reading 2007) , and it can regulate reproductive hormone levels in amphibian species (Kim et al. 1998) . While hibernation for captive breeding is widely practiced in the zoo and aquarium trade, surprisingly few scientific papers have ad dressed this topic. To our knowledge, only a single study has tested the effect of hibernation on amphibian reproduction. Although that study found that hibernated western toads Anaxyrus boreas treated with hormones had increased rates of amplexus compared to non-hibernated animals (Roth et al. 2010) , it is difficult to disentangle the effects of hibernation from the effects of exogenous hormones.
Hibernation plays an important role in the natural history of R. muscosa. In the Sierra Nevada, R. muscosa hibernates underwater in lakes and streams for periods of 6 to 9 mo prior to the spring breeding season (Bradford 1984) . Although hibernation has never been directly observed in southern California populations of R. muscosa, field observations indicate that they may hibernate for up to 6 mo underwater, utilizing deep stream pools (A. Backlin pers. comm.). Here we tested the hypothesis that over-winter hibernation mimicking the thermal regime experienced by R. muscosa in nature will have positive consequences for captive reproduction. We measured the effects of hibernation on multiple reproductive behaviors, including the response of frogs to male advertisement calls and the occurrence of courtship behaviors when frogs are paired for breeding. In addition, we used a body condition index as a measure of the effect of hibernation on frog health.
We focused on male advertisement calls in part because acoustic communication plays a critical role in mediating reproduction in most anuran species (Bee 2007 , Arch & Narins 2009 , and seasonal variation in receptiveness to acoustic cues has been demonstrated in many temperate anuran species (Bosch et al. 2003 , Goense & Feng 2005 , Wilczynski & Lynch 2011 . Male frogs use advertisement calls to inform gravid females of their location and reproductive condition (Schwartz et al. 2004) . Males are also known to eavesdrop on calls of other males to locate areas of breeding activity (Bee 2007) . Female frogs have been shown to respond with an increased attraction to advertisement calls as they approach ovulation (Miranda & Wilczynski 2009 ) and in correlation with steroid hormone peaks associated with the breeding season (Lynch et al. 2006 , Lynch & Wilczynski 2005 . The directed movement towards advertisement calls is known as phonotaxis (Wells 1977) and is a critical step for a successful breeding encounter. Advertisement call playbacks were used to test how hibernation affects phonotaxic response in R. muscosa.
After male and female anurans physically locate each other, they often engage in complex courtship behaviors involving multiple cues that allow them to communicate reproductive receptiveness (Preininger et al. 2013 , Reichert 2013 , Lima et al. 2014 ). We measured 6 courtship behaviors in breeding pairs of R. muscosa to determine the effect of hibernation on reproduction. Examining a suite of reproductive behaviors critical in driving reproductive success or failure allows for the measurement of subtle behaviors that can be used to gauge reproductive interest even when an encounter does not result in egg fertilization. To our knowledge, this is the first study to experimentally quantify the effect of a hibernation regime, without the use of hormone injections, on an amphibian conservation breeding program.
MATERIALS AND METHODS

Hibernation protocol
A total of 48 wild caught frogs collected from the San Jacinto Mountains in Riverside County, California, were housed as a captive assurance colony at ICR. These 48 individuals were separated into 2 treatment groups, an experimental hibernated group and a non-hibernated control group. Treatment groups were balanced by size and sex by ranking males and females separately by weight and assigning them in alternating order to the hibernated or non-hibernated group.
The 24 hibernated frogs (16 females and 8 males) were housed at 4°C for a period of 60 d. This temperature was chosen because previous experiments on Rana muscosa (Bradford 1983 ) demonstrated it as safe and sufficient to induce physiological changes associated with hibernation. This temperature also approximated the average winter temperature of 2.5°C that was measured over a 3 yr period at a frogoccupied pool in southern California (A. Backlin unpublished data).
Two weeks prior to hibernation, frogs were fasted to prevent undigested food from remaining in the gut. Three to 4 frogs of the same sex were housed in 14 l plastic containers filled halfway with water. The container was furnished with a platform placed above the water level to serve as a dry refuge. Each container was placed in refrigerated incubators, and the temperature was lowered incrementally over a 2 wk period from 13 to 4°C. During hibernation, frogs were held without a photoperiod. Water in each container was changed twice a week to maintain water quality.
A group of 24 control frogs (16 females and 8 males) were not hibernated. These frogs were housed separately by sex in ~378 l (100 gallon) tanks with flowing water maintained at 13°C and an 8 h photoperiod and fed as usual.
Body condition
A body condition index (BCI) can provide information about the effects of hibernation on energy consumption and frog health. We used a BCI value of weight divided by total length (Karraker & Welsh 2006) , where lower BCI values corresponded to a reduced body condition. BCI was recorded twice for both the experimental and the control group, once before any frogs were hibernated (Time 1) and again after the 60 d hibernation period (Time 2).
Phonotaxis
A male advertisement call was recorded from a single adult at the ICR using a Sennheiser Electronic Corporation model ME 66 microphone and Tascam corporation model HD-P2 digital recorder set at a high-resolution sampling rate of 44.1 kHz s −1 . The advertisement recording was obtained 30 cm from a partially submerged calling male frog while it had its upper body out of the water.
Phonotaxis trials were only conducted for males and females that underwent hibernation. All hibernated individuals (16 females and 8 males) underwent 2 trial periods: once before hibernation and again after the 60 d hibernation. The trials were carried out in an opaque rectangular plastic en closure measuring 124 cm (l) × 64 cm (w) × 48 cm (h). Laboratory tape was placed on the floor of the enclosure to provide a visual reference of frog position that subdivided the enclosure into 4 sections measuring 31 cm (l) × 64 cm (w). Section 1 was closest to the active speaker and Section 4 was farthest. Water (2.5 cm deep and at a temperature of 19°C) was added to the enclosure before each trial. The enclosure was rinsed and replaced with new water between trials. Advertisement calls were played back from a computer connected to a Saul Mineroff Electronics model SME-AFS amplified field speaker. The decibel (dB) levels during playback ranged between 60.7 and 54.5 dB in the middle of Section 1, 52.3 and 48.5 dB in the middle of the enclosure, and 48.9 and 45.8 dB in the middle of Section 4. Before the start of each trial, frogs were confined to an opaque acclimation container in the center of the enclosure for 2 min. This allowed the frog to become accustomed to the water conditions (Bee 2007) . During the acclimation period, the playback speaker was turned on. Following the acclimation period, the container was removed from above using a rope. Each trial lasted 10 min, and frog behavior was recorded using a digital camcorder placed above the enclosure. All trials were conducted between 10:00 and 14:00 h in an enclosed room illuminated with a fluorescent ceiling light. All researchers left the room during behavioral recordings. Phonotaxis video recordings were analyzed to determine the percentage of time frogs spent in each section of the enclosure. All observers were blind to the frogs' hibernation treatment during analyses. Some frogs exhibited high stress behavior characterized by repeated vertical jumps along the enclosure wall (Bee 2007) . Other frogs remained sedentary for extended periods during the trial. When frogs exhibited high stress or sedentary behavior for a continuous period of more than 2 min, the data from these trials were excluded from analyses. Frogs exhibiting these behaviors were re-tried a second time 3 d after the first trial.
Reproductive behaviors
We compared the frequency of reproductive behaviors between hibernated and non-hibernated breeding pairs in 4 experimental treatment groups.
These groups (n = 8 pairs per group) consisted of (1) hibernated males and females, (2) hibernated males and non-hibernated females, (3) non-hibernated males and hibernated females, and (4) nonhibernated males and females. Frogs were paired based on their BCI in order to limit size differences between pairs and thereby maximize the chances of a successful reproductive encounter. Because there were twice as many females in the captive population, each male was sequentially paired with 2 females. Every male was paired with both a hibernated and non-hibernated female in balanced order, so that half the males were first paired with hibernated females and the other half were first paired with non-hibernated females. Breeding pairs were housed in a 378 l tank subdivided into 4 sections with opaque plastic dividers. Each section had a footprint 61 cm long and 30 cm wide with a small land area composed of a rocky substrate. Water depth was 15 cm, and a large rock was provided as an oviposition site. Water temperature was maintained at 13°C during the experiment. Artificial lighting was provided with a Phillips 40 W cool white bulb and a Sylvania 40 W black light bulb on a 07:00 to 17:00 h (10 h light: 14 h dark) photoperiod designed to mimic spring. An ethogram of 6 behaviors was used to measure the reproductive activity of breeding pairs (Table 1) . Amplexus and male advertisements were used as metrics of male reproductive interest. Female reproductive interest was measured using release calls, disengagement from males, and escape behavior. Oviposition was used as a final metric to de termine the reproductive response of frogs.
A continuous scan sampling design was used to record behaviors at 1 min intervals during 60 min observation periods for 3 sessions (morning, midday and afternoon) per day. Table 1 . Ethogram of the 6 reproductive behaviors scored during observations for all 4 hibernation treatment groups (hibernated males and females; hibernated males, non hibernated females; non-hibernated males, hibernated females; nonhibernated males and females) of mountain yellow-legged frogs Rana muscosa session. Trials occurred over 2 consecutive days for each unique pair, totaling 6 observation sessions. Any pairs in which females produced eggs were immediately removed from the trials in order to minimize disturbance to the clutch. Breeding pairs were introduced 30 min prior to the first observation session, allowing them to acclimate to their new environment. Pairs were housed together overnight without separation for 48 h after their initial pairing (unless oviposition occurred). By maintaining continuous pairing during observations, we minimized handling and created a more natural breeding environment.
Data analysis
We used a repeated measures 2-factor ANOVA to compare changes in BCI over the 60 d hibernation period, with sex and hibernation status as the 2 factors. For phonotaxis, we separately compared the response of male and female frogs before and after hibernation to evaluate the hypothesis that hibernation would increase their phonotaxic response. An Anderson-Darling test indicated that the raw data did not meet assumptions of normality, so the data was log transformed prior to analysis. We used a paired t-test for each sex to compare time spent in Section 1 between the 2 trials.
Reproductive behaviors were summed over all observation periods to arrive at a cumulative frequency of each behavior for each pair. Male behavior data (amplexus and advertisement call) were still non-normal after transformation (Anderson-Darling test), so we used a non-parametric Kruskal-Wallis test to compare these behaviors between all 4 treatment groups, with Mann-Whitney U planned comparison post hoc tests. Female rejection behaviors (release call, disengagement, escape) could only occur after their male partner initiated amplexus. As a result, female rejection behaviors occurred very infrequently in the treatments where females were paired with non-hibernated males because their partners rarely engaged them in amplexus. Thus, we only compared female rejection behaviors between the 2 treatments with hibernated males, using a Mann-Whitney U-test. We used a 2-tailed Fisher's exact test to compare the frequency of oviposition across all treatment groups.
RESULTS
Body condition
The mean weight of hibernated frogs decreased by 2.2 g for females and 2.6 g for males. The mean weight of non-hibernated frogs increased by 1.3 g for females and decreased by 0.4 g for males (see Table 2 for summary data). Females had a significantly greater BCI than males at both Time 1 and Time 2 (2-factor ANOVA, F 1, 46 = 5.77, p = 0.02). Hibernated frogs had a significantly lower BCI than non-hibernated frogs after hibernation (F 1, 46 = 43.30, p = 0.0001). We found no interaction effect between the frogs' sex and hibernation treatment on BCI (F 1, 46 = 1.46, p = 0.23).
Phonotaxis
Two males and 3 females were excluded from analyses because they exhibited high stress or sedentary behaviors during trials. The final sample size included 6 males and 13 females. Females that underwent hibernation did not exhibit a significant difference in the time spent in front of the active speaker (Section 1) before and after hibernation (df = 15, t = −0.08, p = 0.93). Females spent 23 ± 4% (mean ± SE) of their time in Section 1 prior to hibernation and 26 ± 2% following hibernation. Hibernated males spent significantly more time in front of the active speaker after hibernation (df = 5, t = −3.89, p = 0.01). The mean time that males spent in the section closest to the speaker increased from 20 ± 10% prior to hibernation to 40 ± 12% following hibernation. Of the 6 males used in final analysis, 4 increased the amount of time spent in Section 1 following hibernation (Table 3) . 
Reproductive behaviors
There was a significant difference between groups in the rate of male advertisement calls (KruskalWallis test, df = 2, h = 8.97, p = 0.01), with hibernated males calling more frequently than non-hibernated males (Mann-Whitney U planned-comparison test, df = 1, U = 77, p = 0.05). There was also a significant difference in male amplexus rates among treatment groups (Kruskal-Wallis test, df = 3, h = 23.13, p < 0.01). Hibernated males exhibited a significantly higher rate of amplexus than non-hibernated males (Mann-Whitney U planned-comparison test, df = 1, U = 260, p < 0.01). Eleven hibernated males were in amplexus nearly continually (i.e. in > 95% of observations), whereas this was only the case for 1 nonhibernated male.
Regarding female behaviors, individuals who were not hibernated produced significantly more release calls (Mann-Whitney U-test, df = 1, U = 12, p = 0.04), but hibernation treatment did not have a significant influence on female disengagement (Mann-Whitney U-test, df = 1, U = 41, p = 0.24) or escape behaviors (Mann-Whitney U-test, df = 1, U = 33, p = 0.92; Table 4 ). We found a significant difference in oviposition between hibernated and non-hibernated females (Fisher's exact test, p = 0.02; Table 4 ). Of the 16 non-hibernated females, none oviposited, while 6 of the 16 hibernated females oviposited. Four of the females who laid eggs were in amplexus with hibernated males, resulting in fertilized clutches. The remaining 2 females were paired with non-hibernated males and laid eggs without their male partners initiating amplexus, resulting in unfertilized clutches.
DISCUSSION
Body condition
The reduced body condition ob served in hibernated frogs was not surprising since stored energy re serves are drawn upon to maintain basic metabolic functions during hibernation. In terms of weight loss, hibernated females lost a mean of 6.1% of their body weight and hibernated males lost 10.2%. These weight reductions are important and could have real effects on animal welfare. However, substantial weight loss in wild Rana muscosa is likely, given that hibernation exceeds the 60 d period used in our trials (Holenweg & Reyer 2000) . Our concern over possible excessive erosion of body condition in our captive colony led us to choose a conservative hibernation duration, yet we were still able to significantly in crease reproductive behaviors and output.
Phonotaxis
Our results indicate that male R. muscosa have an increased attraction to advertisement calls following hibernation, but that females do not. While this finding is unexpected, fundamental differences in breeding biology between males and females may drive these different responses. Male anurans sometimes display increased territoriality and aggression during the breeding season in the form of increased site tenacity and physical attacks (Ovaska 1987 , Shepard 2004 . While R. muscosa is not known to have an aggressive call in its repertoire, we have observed captive males in amplexus with other males for extended periods. This may be a form of male−male competition, and suggests that phonotaxis of male R. muscosa to conspecific advertisement calls may be Table 3 . Percent of time spent by 6 male mountain yellowlegged frogs Rana muscosa in Section 1 (closest to the speaker) of the experimental enclosure before and after hibernation related to a territorial or aggressive response. Alternatively, R. muscosa may use conspecific male calls as beacons to improve the probability of finding receptive females by locating areas of breeding activity. The use of a single male frog call recording for playbacks may have influenced the lack of phonotaxis by female frogs, especially if selective females deemed the call to be of low quality from a sexual selection perspective. We acknowledge that the small sample size of male frogs in the phonotaxis experiment limits our ability to make definitive conclusions, but our results at least suggest that male phonotaxis may be primed by hibernation. Further research is needed to confirm the results of male phonotaxic behavior and to determine whether female phonotaxic behavior can also be encouraged in different hibernation regimes or experimental contexts (e.g. Narins et al. 2005) .
Reproductive behavior
R. muscosa appears to require a hibernation period for successful reproduction. The effects of hibernation were manifested in vocal advertisement signaling, amplexus, female receptivity, and oviposition. Each of these behaviors plays an important role, leading to successful reproduction in R. muscosa, and by taking a behavioral approach, we were able to observe how hibernation catalyzed this repertoire of interacting behaviors that are critical for successful reproduction.
The male advertisement call establishes communication between males and females and is fundamental for reproduction in anurans (Duellman & Trueb 1994) . The increased frequency of calling observed in hibernated male R. muscosa no doubt served to help establish amplexus, which stimulates female egg release and fertilization (see also Passmore et al. 1992 , Dyson et al. 1998 , Prohl 2003 , Bosch & Marquez 2005 , Richardson et al. 2010 . Virtually all (88% of observations) hibernated males established amplexus with females, while almost none (2% of observations) of the non-hibernated males did so. Females can influence the outcome of amplexus by signaling a lack of receptivity, and non-hibernated females were more likely to emit release calls during amplexus compared to hibernated females. Maintaining amplexus is costly for females because they cannot eat, have restricted mobility (Bowcock et al. 2009) , and can drown if they are in amplexus simultaneously with multiple competing males (Sztatecsny et al. 2006) . Moreover, only hibernated females laid eggs and only hibernated males successfully fertilized eggs. Two females laid eggs despite the fact that they were never observed to be in amplexus with males. This is a testament to the influence of hibernation on female reproductive ability. Such a dependency on hibernation is not surprising, since it is a major component of the natural conditions that R. muscosa experiences in the wild.
CONCLUSIONS
Although the use of hibernation in amphibian propagation is not new, systematic investigation of hibernation effects is rare, which may be a reason why this method has not been widely adopted. We demonstrated that simple husbandry changes to mimic natural hibernation conditions can dramatically improve reproductive success of Rana muscosa in captivity. Future research should address other hibernation regimes in the hope of stimulating greater reproductive rates.
Perhaps more than for any other taxa, conservation breeding programs will be a primary tool for amphibian species rescue and recovery (Gascon et al. 2007 , Gratwicke et al. 2012 ). At present, many anuran conservation breeding programs depend on hormone treatments (Browne et al. 2006 , Byrne & Silla 2010 , Kouba et al. 2012 . While hormone treatments can improve reproductive output, the proper cocktail and dose required varies widely across species (Kouba et al. 2009 ). The frequent handling and experimentation required to establish a hormone regiment can also lead to high levels of stress (Narayan et al. 2011) or reduce general activity and feeding behaviors (Bliley & Woodley 2012) . Therefore, hormone treatments should be used cautiously, especially in breeding programs that rely on a small number of reproductive individuals. We recommend that amphibian conservation breeding programs initially focus on non-invasive husbandry practices that mimic natural conditions and utilize information about the behavioral and ecological requirements of the species.
Additional research should also be pursued on a wider array of temperate amphibian taxa to establish the generality of these approaches. The manipulation of seasonal cycles in the captive setting can also be applied to tropical and temperate anuran species that increase reproductive activity with shifts in other environmental cues such as humidity, temperature, and rainfall patterns (Hsu et al. 2006 , Richter-Boix et al. 2006 , Van Sluys et al. 2006 , Lucas et al. 2008 .
By recreating key environmental cues, amphibian breeding programs may be able to improve captive conditions and increase reproductive outputs.
